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Introduction {#sec001}
============

Vancomycin is a glycopeptide antibiotic that has been used to treat *methicillin resistant S*. *Aureus* infections for more than 50 years. The reported incidence of vancomycin-induced nephrotoxicity is 5--25% \[[@pone.0152554.ref001]\]. One study quantified the nephrotoxic vancomycin dose by measuring urinary cell and enzyme excretion in rats. It found that an intravenous injection of 25 mg/kg/day induced increased renal cell elimination and intraperitoneal vancomycin of 100 mg/kg/day induced the elimination of tubule cells, elevated serum creatinine levels and resulted in widespread tubular necrosis \[[@pone.0152554.ref002]\].

The exact mechanism of vancomycin-induced nephrotoxicity is unknown, but it has been suggested that oxidative stress and hypoxia may be involved in the pathogenesis \[[@pone.0152554.ref003],[@pone.0152554.ref004]\]. Since vancomycin is secreted by the renal proximal tubule, it is hypothesized that this is the site where vancomycin-induced nephrotoxicity takes place \[[@pone.0152554.ref005]\].

Some studies have reported that exposure to 100% oxygen at two to three times the atmospheric pressure at sea level results in increased arterial oxygen tension and that it has a number of beneficial biochemical, cellular, and physiologic effects \[[@pone.0152554.ref006],[@pone.0152554.ref007]\]. It has also been postulated in other studies that hyperbaric oxygen therapy (HBO) can induce protection against oxidative insults \[[@pone.0152554.ref008],[@pone.0152554.ref009]\].

Since HBO may reverse the effects of vancomycin-induced renal toxicity by improving the effects of hypoxia and oxidative stress, we aimed to assess the effect of HBO treatment on vancomycin-induced renal failure in a rat model.

Materials and Methods {#sec002}
=====================

The study was approved by the local animal care committee (Assaf Harofeh Medical Center Animal Care Committee: Permit Number: 01/2013). The rats were handled in strict adherence to the Institutional Animal Care and Use Committee (IACUC) standards.

All procedures were performed under sedation with carbon dioxide (CO2), and all efforts were made to minimize suffering. Each animal was placed in an empty clean chamber; the flow of CO2 from the gas cylinder was started at a rate that would displace 10--30% of the chamber volume per minute. This calculated rate would allow a slow increase in the concentration of CO2 to develop, but would not cause noise or be perceived as a harsh "wind" to the animals. As gas levels rose to 40--50%, unconsciousness occurred as indicated by a loss of the righting reflex. At this point, the procedures with the rats were performed, for example intraperitoneal injection of medication or withdrawal of blood by cardiac puncture. At the end of the experiment protocol, the animals were sacrificed by cervical dislocation after CO2 sedation.

The rats were monitored twice daily by a staff member authorized by the institutional veterinarian. If one of the following conditions occurred during the experiment, the animal was sacrificed and experiment termination considered, according to the decision of the institutional veterinarian: signs of suffering or pain that could not be treated with analgesics; significant changes in physiological parameters (breathing, heart rate, social behavior); other signs of distress (apathy, prolonged lying, aggressive behavior, self harm, anorexia, hyperactivity); refusal to eat or drink independently for 48h and 24h respectively; an infection, swelling or inflammation that could not be treated; loss of more than 10% of baseline weight.

Treatment of Animals {#sec003}
--------------------

We studied 36 male Sprague-Dawley rats weighing 170--180 grams that were double-housed in shoe-box type cages with free access to food and water. Vancomycin (Edicin, Sandoz İlaç, Istanbul, Turkey) was diluted with 20 ml of sterile water, according to the manufacturer\'s instructions, and the final concentration for the injections was 50 mg/ml. The rats were weighed on digital scales and the total dose of 500 mg/kg/day, given to each rat as a single daily injection, was individually calculated. The solution was delivered as an intraperitoneal injection under sedation with CO2.

HBO was administered using a locally manufactured hyperbaric chamber designed to contain 20 rats. HBO exposure consisted of administering 100% oxygen at 2 Atmospheres (ATM) for 70 minutes, including 5 minutes for compression and 5 minutes for decompression.

Serum Creatinine, Urea and Magnesium Measurement {#sec004}
------------------------------------------------

We measured any elevations in the serum creatinine, urea and magnesium levels using the Roche/Hitachi modular P800 autoanalyser (Roche Diagnostics, Mannheim, Germany) and elevated potassium levels using the Roche/Hitachi modular ISE 900 autoanalyser (Roche Diagnostics, Mannheim, Germany). Acute renal failure was defined as doubling of creatinine and urea plasma levels \[[@pone.0152554.ref010],[@pone.0152554.ref011]\].

The Study Protocol {#sec005}
------------------

The study protocol was divided into two phases. The first phase was designed to determine the vancomycin dose required to induce renal failure, which was defined as doubling of plasma creatinine levels in comparison to the control group \[[@pone.0152554.ref010],[@pone.0152554.ref011]\]. During the second phase, we induced nephrotoxicity by using the vancomycin dose identified during the first phase and exposed the rats to HBO.

Thirty of the rats were then randomly divided into two groups of 15. For the first seven consecutive days of the study, all 30 rats received one intraperitoneal injection per day using the nephrotoxic vancomycin dose. Fifteen of these rats (HBO+) were also subjected to a daily session of HBO exposure starting on day one, while the other 15 (HBO-) were not. The remaining six rats served as the control group, three rats received HBO treatments alone and no treatment was administered to the remaining three. On day 8, the rats were sedated with CO2 and blood was drawn by cardiac puncture. Blood urea nitrogen, serum creatinine, electrolytes and trough plasma vancomycin levels were measured and all the animals were sacrificed by cervical dislocation. The rat kidneys were immediately harvested for histologic examination.

Histopathologic Examination {#sec006}
---------------------------

The renal samples were prepared for light microscopy, halved through the hilum, along the long axis perpendicular to the capsule, and fixed in buffered 10% formalin, embedded in paraffin and stained with Hematoxylin and eosin stain.

The study was pathologist-blinded and the histopathologic examination was performed by an experienced pathologist.

The entire cortical areas of all the specimens were evaluated in order to assess the extent of the damage induced by the different treatment protocols.

The following features were monitored: proximal tubular cell degeneration (eosinophilia) and regeneration (basophilia), tubular dilatation, intra tubular casts and interstitial inflammation.

The changes were monitored using a six-tier grading system, as follows: Grade 0 --normal, grade 1 --minimal changes only (weak and focal), grade 2 - \<25% of the cortex underwent histopathological changes, grade 3--25--50%, grade 4--50--75%, and grade - \>75% \[[@pone.0152554.ref012]\].

Statistical analysis {#sec007}
--------------------

Descriptive statistics were used to describe the various groups. Continuous variables were first tested for normality. Groups were compared using the student t-test or Mann Whitney test for continuous variables and Fisher's exact test for discrete variables. The level of significance for all tests was a p value of 0.05. Statistical analysis was conducted using the 21^st^ edition of the SPSS computer program (IBM Corp Armonk, NY).

Results {#sec008}
=======

Body weight and survival {#sec009}
------------------------

All the rats in the control group survived and gained weight from 180 ± 6.3 gram on day 1 to 218 ± 7 gram on day 8. One rat in the HBO- control group died immediately after injection of vancomycin on the fourth day of the experiment. The mean animal body weight on day 1 was 179.3 ± 5.9 grams for the HBO group and 180 ± 7.6 grams for the HBO- group. At day 8, the mean weight was 190.9 ± 12.6 grams for the HBO+ group and 202.6 ± 10.6 gr for the HBO- group. The HBO+ group gained significantly less weight during the study period than the HBO- group (11.6 ± 6.8 grams vs 22.6 ± 11.6 grams; P = 0.008) ([Table 1](#pone.0152554.t001){ref-type="table"}).

10.1371/journal.pone.0152554.t001

###### Comparison of weight, renal function, electrolytes and trough vancomycin levels between the treatment arms.

![](pone.0152554.t001){#pone.0152554.t001g}

                      HBO-   SD      HBO+   SD     P Value          
  ------------------- ------ ------- ------ ------ --------- ------ ---------
  Weight day 1        180    180     7.4    181    179.39    5.9    
  Weight day 8        205    202.6   10.6   189    190.9     12.6   0.008
  K (mg/dL)           5.8    5.8     0.4    5.8    5.8       0.3    0.483
  Na (mg/dL)          142    141.9   1.8    142    141.4     1.2    0.485
  Ca (mg/dL)          10.4   10.2    0.9    10.7   10.6      0.5    0.044
  Mg (mg/dL)          2.9    3.1     0.5    3.6    3.6       0.6    0.014
  Urea (mg/dL)        48.9   52.6    15.4   82     99.6      48.1   \<0.001
  Creatinin (mg/dL)   0.17   0.16    0.06   0.32   0.42      0.38   0.001
  VMC (μg/mL)         5      6.7     4.9    18.6   27.8      30.2   0.078

K = potassium, Na = sodium, Ca = calcium, Mg = magnesium, SD = standard deviation

Biochemical parameters {#sec010}
----------------------

Biochemical values of the control group were as follows: urea (mg/dl) 19--21, creatinine (mg/dl) 0.08--0.1,calcium (mg/dl) 10.7--11.1,sodium (mmol/L) 137--141,potassium (mmol/L) 4.1--5.2. Rats exposed to HBO had significantly higher serum blood urea nitrogen levels (99.6 ± 48.1 vs 52.6 ± 15.4 mg/dL; P\<0.001) and serum creatinine levels (0.42 ± 0.38 vs 0.16 ± 0.06 mg/dL; P = 0.001). Plasma magnesium levels were 3.6 ± 0.6 mg/dL vs 3.1 ± 0.5 mg/dL, (P = 0.014). The mean trough plasma vancomycin level was 27.8 ± 30.2 μg/mL in the HBO+ group and 6.7 ± 4.9 μg/mL in the HBO- group (P = 0.078).

No statistically significant differences were found between the two groups in terms of plasma sodium, calcium or potassium levels ([Table 1](#pone.0152554.t001){ref-type="table"}).

Histologic evaluation {#sec011}
---------------------

We measured the kidney changes using the six-tiered scale described above. [Table 2](#pone.0152554.t002){ref-type="table"} shows the distribution of pathological grading between the various groups.

10.1371/journal.pone.0152554.t002

###### The distribution of pathological grading between the groups.

![](pone.0152554.t002){#pone.0152554.t002g}

  Grade   Control No treatment   Control HBO   Vancomycin   Vancomycin +HBO
  ------- ---------------------- ------------- ------------ -----------------
  0       3                      3             0            0
  1       0                      0             0            2
  2       0                      0             5            5
  3       0                      0             8            4
  4       0                      0             1            1
  5       0                      0             0            3

No treatment group and HBO alone group had normal kidneys ([Fig 1](#pone.0152554.g001){ref-type="fig"}) and no significant differences were found between them. There were significant differences between the control groups and the groups treated with vancomycin and vancomycin + HBO (P = 0.003 and P = 0.002 respectively). Figs [2](#pone.0152554.g002){ref-type="fig"} and [3](#pone.0152554.g003){ref-type="fig"} illustrate the pathological changes in the groups treated with vancomycin and vancomycin + HBO. There were no significant differences between the groups treated with vancomycin alone and vancomycin + HBO (P = 0.98).

![Histologic evaluation.\
Normal kidney, appropriate for control groups (No treatment group and HBO alone group). *HE = hematoxylin and eosin*.](pone.0152554.g001){#pone.0152554.g001}

![Histologic evaluation.\
Vancomycin only (HE x20) PMN leukocytes in a few cortical tubules (arrows). *HE = hematoxylin and eosin*, *PMN = polymorphonuclear*.](pone.0152554.g002){#pone.0152554.g002}

![Histologic evaluation.\
Vancomycin and hyperbaric oxygen (HE x20) PMN leukocytes (arrows), dilatation of numerous cortical tubules (arrow heads). *HE = hematoxylin and eosin*, *PMN = polymorphonuclear*.](pone.0152554.g003){#pone.0152554.g003}

Discussion {#sec012}
==========

The findings of the present study provide novel information on the further deterioration in renal function in rats exposed to HBO. Our data clearly demonstrate that HBO nephroprotection does not take place in vancomycin-induced nephrotoxicity.

Elimination of vancomycin is almost exclusively renal, as it is excreted in the glomeruli and, to some extent, via active tubular secretion \[[@pone.0152554.ref005]\]. The significantly elevated magnesium levels found in the serum of animals who received HBO may support the theory that the proximal tubules are the primary site of nephrotoxicity in vancomycin-treated rats.

Although vancomycin levels tended to be higher in the HBO+ group in our study, the difference was not statistically significant. Vancomycin requires energy dependent transport from the blood to the tubular cells across the basolateral membrane \[[@pone.0152554.ref013]\]. Some studies have suggested that oxidative stress might underline the pathogenesis of vancomycin-induced toxicity \[[@pone.0152554.ref003],[@pone.0152554.ref004]\]. Gene expression analyses have suggested involvement of oxidative stress and mitochondrial damage in vancomycin-induced kidney injury as a potential contribution of complement pathway and inflammation in vancomycin-induced renal toxicity. Severe vancomycin renal toxicity may present histologically as tubulo-interstitial nephritis, sometimes with granulomas \[[@pone.0152554.ref013],[@pone.0152554.ref014]\]. In other words, hypoxia that occurs as a result of the above-mentioned processes probably plays the major role in vancomycin-induced renal function deterioration. This suggested mode of action was the reason why we decided to test whether HBO had a corrective action after vancomycin renal injury.

HBO therapy has been used to treat a number of medical conditions \[[@pone.0152554.ref007]\]. According to its proposed mechanism of action, HBO produces a hyperoxic state and increases oxygenation in the tissues with upregulated oxygen demand. Using the example of rat tissues, HBO has been shown to inhibit neutrophil adherence to the wall of ischemic vessels and to decrease post-ischemic vasoconstriction in skin grafts \[[@pone.0152554.ref015]\]. Furthermore, it has been shown that HBO had beneficial anti-inflammatory effects on experimental colitis in rats \[[@pone.0152554.ref016]\]. In several experimental studies, HBO has been claimed to exert beneficial effects by partly increasing the activity of Cu/Zn superoxide dismutase (Cu/Zn-SOD) and other antioxidant cellular defense mechanisms, thereby altering the balance between the generation and removal of oxygen-free radicals \[[@pone.0152554.ref017],[@pone.0152554.ref018]\].

HBO is capable of inducing cellular protection against ischemia. These cell protective mechanisms are still poorly understood, but studies have shown that they include the expression of stress-inducible proteins, including the anti-apoptotic protein Bcl-2 and the free radical scavenger Mn-super oxide dismutase \[[@pone.0152554.ref019]\]. Our previous animal experiment showed no change in renal function in rats that were only exposed to HBO \[[@pone.0152554.ref020]\]. Despite the fact that different studies have found HBO to be nephroprotective, S Aydinoz et al found incremental deterioration of renal function in rats treated with both HBO and cisplatin \[[@pone.0152554.ref021]\].

When oxygen is breathed at high partial pressures, such as in HBO exposure, a hyperoxic condition rapidly evolves within the most vascularised tissues. During times of environmental stress, levels of reactive oxygen species can increase dramatically, producing oxidative stress and leading to cell structure damage. High concentrations of oxygen can also increase the formation of other free radicals, such as nitric oxide, peroxynitrite and trioxidane, which harm DNA and other biomolecules \[[@pone.0152554.ref022]--[@pone.0152554.ref024]\]. Although there are many antioxidant systems, such as glutathione, that guard against oxidative stress, these systems are eventually overwhelmed, leading to cell damage and cell death \[[@pone.0152554.ref025]--[@pone.0152554.ref027]\]. The mechanism mentioned above may be responsible for the renal damage observed in this study.

The exact mechanism of vancomycin-induced nephrotoxicity has not been fully identified. One study suggested that vancomycin exposure induces a proliferative cell response as evidenced by an increased cell number and increased total protein \[[@pone.0152554.ref028]\]. In their study, pretreatment with a mitogen-activated protein kinase inhibitor inhibited these effects. This effect of vancomycin was accompanied by increased oxygen consumption and enhanced mitochondrial respiration \[[@pone.0152554.ref028]\]. It is possible that HBO aggravates this process by increasing the dissolving oxygen in tissues.

Another study that aimed to elucidate the mechanism of vancomycin transport in the kidney revealed that vancomycin nephrotoxicity may be due to entry through the basolateral membrane and the absence of mediated egress at the brush border membrane \[[@pone.0152554.ref029]\]. This study demonstrated that vancomycin is a substrate for the renal basolateral organic cation transport system and can be concentrated in the cells via this mechanism. Once inside, vancomycin can cause nephrotoxicity due to the absence of a mediated transport mechanism across the brush border membrane. The absence of such a mechanism could explain why HBO did not help in the present study.

Pressure that is higher than barometric pressure, like in pneumoperitoneum, has been shown to cause transient renal function deterioration in animals \[[@pone.0152554.ref030]\]. Increased pressure may cause compression of renal vessels or parenchyma and further deterioration in drug induced renal damage. The significant elevation of trough vancomycin levels noted in the HBO+ group is interesting, as it points to fact that the animal kidneys were exposed to increased amounts of vancomycin and that this may have led to even more pronounced acute renal failure.

Further research is needed to improve our understanding of the mechanism by which HBO interacts with different drugs. Vancomycin is an important antimicrobial agent that is widely used in clinical practice for treating Methicillin resistant S.Aureus infections. Nephrotoxicity is a typical side effect of the drug and the drug dose should be altered or stopped if this happens. As a result of our study, we are urging clinicians to be cautious about providing both vancomycin and HBO to patients at the same time until more precise clinical data is available that clarifies whether the findings of our animal study would also apply to human subjects.

There are some limitations to our study, as we examined indirect markers of glomerular filtration rate, namely serum creatinine, blood urea nitrogen and blood electrolytes. These chemical markers are easy to obtain, cheap and readily available, but the measurement of plasma creatinine is not the optimal method and more sensitive markers, such as beta 2 microglobulin and cystatin c, do exist. Oxidative markers, that would further clarify the findings, were not obtained. Our study also lacked two more experimental arms that could add to our understanding of why renal failure occurred in rats exposed to vancomycin and HBO: pure oxygen at 1 ATM and fresh air at 2 ATM.

Conclusions {#sec013}
===========

In this rat model study, HBO therapy intensified the acute renal injury inflicted by vancomycin, as reflected by serum creatinine and urea measurements and histopathological findings. We found elevated, although not statistically significant, vancomycin trough levels in the animals treated with HBO compared to the animals who did not receive HBO. However, further research is needed to establish whether human patients would react in the same way. Further research is also needed into the mechanism by which a combination of HBO and vancomycin causes renal damage, as this is not completely understood.
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